
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 034206

������nnn���ÅÅÅ������ZZZ���������)))
­ì�† ê¡1 MDU 
D´

( °À�ÆÔnÆ�, ë� 264000 )

( 2011 c 3 � 7 FÂ�; 2011 c 4 � 19 FÂ�?Uv )

æ^þfnØ, �Ä>.�Ä��n�nS�n�Ë�|�¤�XÚ, �Ñ
XÚ��müz�Î9ÙC�,

��
XÚ��¼ê��m�üz'X. (JL², ��Ä>.£�Ð��, n�n|?uÅ��Z�, ¿��±N
�ØÓÅ��Z���). �Ñ
Ê�ØÓ�n�Å��Z�, ù
�¥¹kØÓ�� Ïf, ù
� Ïf¿©
Ny
|Ú�Ä>.��p�^Ú�pK�. ù
(J���Å��Z��¢���Jø
­��nØ�â.

'�c: ��Å��Z�, >.�Ä��n

PACS: 42.50.Dv

1 Ú ó

�²;� (XÅ��!Å½�c�!Ø �
�) ��)½��, Ø=éu
)þfåÆ�Ä�
VgkX­��¿Â, 
�®²½=ò3�
c÷
+�¥ (AO´3þf&E�¡) ��2��A^,
XÅ��3þf�§Ï&¥�A^; Ø �ÚÅ½
�c�31Ï&!°�Oþ!BÅuÿ9þfO
�Å��¡�A^�. �Ï�Xd, <�é�²;
���)½���ïÄ��vkÊ�L, X>.�
Ä��n¥Å½�c�Úü�Å����) [1−3];
Ã{¿ëþ��ì¥õ�Å��Z���) [4]; �
��þ��n¥�²;� (Å½�c�ÚÅ��Z
�) ��) [5]; ÏLün�� V .nU?�f��
��p�^�)Å��Z� [6]; ü�f�.Å��
Z���) [7] �.

äk�Ä>.��n3���²;� (~XÅ
½�c�) �¡keZ`�5 [1−3], ©z [2] 3�Ñ

|�gdüz��¹eéu>.�Ä�n��
n¥Å��Z���)?1
ïÄ, vk�ÑÅ�
�Z��äN~f. �©vk�Ñ|�gdüzé
>.�Ä�n��n¥Å��Z���)?1

ïÄ, uyÅ��Z���)´�±N��, ù´
k�~­��¢S¿Â�ïÄ. äNÚ½´æ^þ
fnØ, éu>.�Ä��n�nS�n�Ë�|

�¤�XÚ, �Ñ
XÚ��müz�Î9ÙC�,
��
XÚ��¼ê��m�üz'X. ?Ø
�
�Ä>.£�Ð���n|�, ��n�n|?u
Å��Z�¿��±N�ØÓÅ��Z���).
�Ñ
Ê�ØÓ�n�Å��Z�, ù
�¥¹k
ØÓ�� Ïf, ù
� Ïf¿©Ny
|Ú�
Ä>.��p�^Ú�pK�, ù
(J���Å
��Z��¢���Jø
­��nØ�â.

2 XÚ��müz�Î9ÙC�

�Ä��>.�Ä��n (�Ä>.À�ª
Ç� ωm �þf��f) �nS�n�Ë�|�¤
�XÚ, �n�n��ªÇ'X� ωj = jω1 (j =
1, 2, 3), KTXÚ�M�îþ� [1−3]

H = ~ω1

(
a+
1 a1 + 2a+

2 a2 + 3a+
3 a3

)
+ ~ωmb+b

−~g1

(
a+
1 a1 + 2a+

2 a2 + 3a+
3 a3

)(
b + b+

)
, (1)

ª¥ a+
1 (a1)!a+

2 (a2) Ú a+
3 (a3) ©O´Ë�|1 1

�!1 2 �Ú1 3 ���) (�v) �Î, b+ (b)
´ªÇ� ωm �þf��f��) (�v) �Î,

gj =
ωj

l

√
~

2mωm
(l ´�n��Ý, m ´�Ä>.

��þ, j = 1, 2, 3) ´n���Ä>.�ÍÜ~
ê [2]. TXÚ��müz�Î�
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U (t) = e−
i
~ H t = e−i[ω1(a+

1 a1+2a+
2 a2+3a+

3 a3)+ωmb+b−g1(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+b+)] t. (2)

- c1 = ω1/ωm, c2 = g1/ωm, ¿|^ Glauber
úª (eA+B = eAeBe−[A,B]/2), �ò (2) ªU��

U (t) =e−ic1(a+
1 a1+2a+

2 a2+3a+
3 a3)ωmt×

e−i[b+b−c2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+b+)]ωmt.

(3)

Ú\o��Î T = e−c2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+−b),

ò (3) ªü>Ó��¦ T m¦ T+, ¿|^ B-H ú
ª

eABe−A = B + [A,B] +
1
2!

[A, [A,B]]

+
1
3!

[A, [A, [A,B]]] + Λ, (4)

�

TU (t) T+=e−ic1(a+
1 a1+2a+

2 a2+3a+
3 a3)ωmt

eic2
2(a+

1 a1+2a+
2 a2+3a+

3 a3)2
ωmt

e−ib+bωmt. (5)

ò (5) ªü>Ó��¦ T+ m¦ T �

U (t) =e−ic1(a+
1 a1+2a+

2 a2+3a+
3 a3)ωmt×

eic2
2(a+

1 a1+2a+
2 a2+3a+

3 a3)2
ωmt×

ec2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+−b)×

e−ib+bωmte−c2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+−b).

(6)

ò (6) ªm>m¦ eib+bωmte−ib+bωmt, ¿|^ (4) ª
�

U (t) = e−ic1(a+
1 a1+2a+

2 a2+3a+
3 a3)ωmt

×eic2
2(a+

1 a1+2a+
2 a2+3a+

3 a3)2
ωmt

×ec2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+−b)

×e−c2(a+
1 a1+2a+

2 a2+3a+
3 a3)(b+e−iωmt−beiωmt)

×e−ib+bωmt. (7)

|^ Glauber úª�ò (7) ªU��
U (t) = e−ic1(a+

1 a1+2a+
2 a2+3a+

3 a3)ωmt

×eic2
2(a+

1 a1+2a+
2 a2+3a+

3 a3)2
(ωmt−sin ωmt)

×ec2(a+
1 a1+2a+

2 a2+3a+
3 a3)(ηb+−η•b)

×e−ib+bωmt, (8)

ª¥ η = 1 − e−iωmt. (8) ªÒ´²LC���XÚ
��müz�Î.

3 XÚ��¼ê��m�üz'X

b½Ð©�n�n�©O?u�Z� |α1 〉f1
,

|α2 〉f2
Ú | α3 〉f3

, >.Ð©�?u�Z� |β〉m, �
§�*dÃÅ�, KXÚ�Ð��

|ψ (0)〉 = |α1〉f1
|α2〉f2

|α3〉f3
|β〉m , (9)

ª¥�Z�� Fock �Úý���'X�

|α1〉f1
= e−

1
2 |α1|2

∞∑
n=0

αn
1√
n!

|n〉f1
,

|α2〉f2
= e−

1
2 |α2|2

∞∑
k=0

αk
2√
k!

|k〉f2
,

|α3〉f3
= e−

1
2 |α3|2

∞∑
d=0

αd
3√
d!

|d〉f3
,

|β〉m = e−
1
2 |β|

2
∞∑

r=o

βr

√
r!

|r〉m

= eβb+−β∗b |0〉m , (10)

|n〉f1
, |k〉f2

Ú |d〉f3
©O´n|1 1 �!1 2 �Ú

1 3 �� Fock �, |r〉m Ú |0〉m ©O´>.� Fock
�Úý��. òXÚ��müz�Î (8) ª�^u
XÚ�Ð� (9) ªþ, ¿|^ (10) ª�� t ���
�¼ê

|ψ (t)〉 = e−
1
2(|α1|2+|α2|2+|α3|2)

∞∑
n,k,d=0

αn
1αk

2αd
3√

n!
√

k!
√

d!
ei{[c2

2(n+2k+3d)2−c1(n+2k+3d)]ωmt−c2
2(n+2k+3d)2sinωmt}

×ec2(n+2k+3d)(ηb+−ηb)eβe−iωmtb+−β∗eiωmtb |n〉f1
|k〉f2

|d〉f3
|0〉m . (11)

|^ Glauber úª9 (10) ª�ò (11) ªU��

|ψ (t)〉=e−
1
2(|α1|2+|α2|2+|α3|2)

∞∑
n,k,d=0

αn
1αk

2αd
3√

n!
√

k!
√

d!
e

1
2 c2(n+2k+3d)(βη−β•η•)

×ei{[c2
2(n+2k+3d)2−c1(n+2k+3d)]ωmt−c2

2(n+2k+3d)2sinωmt}

× |n〉f1
|k〉f2

|d〉f3

∣∣c2 (n + 2k + 3d) η+βe−iωmt
〉

m
. (12)
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(12) ªÒ´XÚ��¼ê��m�üz'X.

4 ��n�Å��Z���)

d (13) ª � �, � 0 < t < 2π/ωm �, X
Ú?uÅ��, �� t = π/ωm �, �Ä>.Ú
n | ä k � � � Å � Ý [2]; � t = 2π/ωm �,∣∣c2 (n + 2k + 3d) η + βe−iωmt

〉
m

= |β〉m, =�Ä>
.£�
Ð�, 
d��n�n|��

|φ〉f = e−
1
2(|α1|2+|α2|2+|α3|2)

∞∑
n,k,d=0

αn
1αk

2αd
3√

n!
√

k!
√

d!

ei[c2
2(n+2k+3d)2−c1(n+2k+3d)]2π

|n〉f1
|k〉f2

|d〉f3

= e−
1
2 |α1|2

∞∑
n=0

(
α1e−i2π c1

)n

√
n!

ei2π c2
2 n2

|n〉f1
e−

1
2 |α2|2

∞∑
k=0

(
α2e−i4π c1ei8π nc2

2

)k

√
k!

ei8π c2
2 k2

|k〉f2

×e−
1
2 |α3|2

∞∑
d=0

(
α3e−i6π c1ei12π(n+2k)c2

2

)d

√
d!

ei18π c2
2 d2

|d〉f3
. (13)

��5`þª´��n�Å��Z� [4,8−12], ÏL
N� c2(½ c1), �±N�ØÓÅ��Z���), ²
LE,�í�, ·�é�
±eÊ�ØÓ�Å��
Z�. ù
(J´�~k¿Â�, ���Å��Z
��¢���Jø
­��nØ�â.

� c2 = 1/2 �, c1 = lr/2 (P r =
√

2mωm/~,
±eÓ), d (13) ª�

|φ〉f =
1 + i

2

∣∣α1e−iπ lr
〉

f1

×
∣∣α2e−i2π lr

〉
f2

∣∣α3e−i3π lr
〉

f3

+
1 − i

2

∣∣−α1e−iπ lr
〉

f1

×
∣∣α2e−i2π lr

〉
f2

∣∣−α3e−i3π lr
〉

f3
; (14)

� c2 =
√

3
/
2 �,c1 =

√
3lr

/
2, d (13) ª�

|φ〉f =
1 − i

2

∣∣∣α1e−i
√

3π lr
〉

f1

×
∣∣∣α2e−i2

√
3π lr

〉
f2

∣∣∣α3e−i3
√

3π lr
〉

f3

+
1 + i

2

∣∣∣−α1e−i
√

3π lr
〉

f1

×
∣∣∣α2e−i2

√
3π lr

〉
f2

×
∣∣∣−α3e−i3

√
3π lr

〉
f3

; (15)

� c2 =
√

6
/
6 �, c1 =

√
6lr

/
6, d (13) ª�

|φ〉f = −i
√

3
3

∣∣∣−α1e−i
√

6π lr/3
〉

f1

×
∣∣∣α2e−i2

√
6π lr/3

〉
f2

∣∣∣−α3e−i
√

6π lr
〉

f3

+
1
2

(
1 + i

√
3

3

)∣∣∣α1eiπ(1−
√

6 l r)/3
〉

f1

×
∣∣∣α2ei2π(1−

√
6 l r)/3

〉
f2

∣∣∣−α3e−i
√

6π lr
〉

f3

+
1
2

(
1 + i

√
3

3

)∣∣∣α1e−iπ(1+
√

6 l r)/3
〉

f1

×
∣∣∣α2e−i2π(1+

√
6 l r)/3

〉
f2

×
∣∣∣−α3e−i

√
6π lr

〉
f3

; (16)

� c2 =
√

3
/
3 �, c1 =

√
3lr

/
3, d (13) ª�

|φ〉f = i
√

3
3

∣∣∣α1e−i2
√

3π lr/3
〉

f1

×
∣∣∣α2e−i4

√
3π lr/3

〉
f2

∣∣∣α3e−i2
√

3π lr
〉

f3

+
1
2

(
1 − i

√
3

3

)∣∣∣α1ei2π(1−
√

3 l r)/3
〉

f1

×
∣∣∣α2ei4π(1−

√
3 l r)/3

〉
f2

∣∣∣α3e−i2
√

3π lr
〉

f3

+
1
2

(
1 − i

√
3

3

)∣∣∣α1e−i2π(1+
√

3 l r)/3
〉

f1

×
∣∣∣α2e−i4π(1+

√
3 l r)/3

〉
f2

×
∣∣∣α3e−i2

√
3π lr

〉
f3

; (17)

� c2 =
√

6
/
3 �, c1 =

√
6lr

/
3, d (13) ª�

|φ〉f = −i
√

3
3

∣∣∣α1e−i2
√

6π lr/3
〉

f1

×
∣∣∣α2e−i4

√
6π lr/3

〉
f2

∣∣∣α3e−i2
√

6π lr
〉

f3

+
1
2

(
1 + i

√
3

3

)∣∣∣α1ei2π(2−
√

6 l r)/3
〉

f1

×
∣∣∣α2ei4π(2−

√
6 l r)/3

〉
f2

∣∣∣α3e−i2
√

6π lr
〉

f3

+
1
2

(
1 + i

√
3

3

)∣∣∣α1e−i2π(2+
√

6 l r)/3
〉

f1

×
∣∣∣α2e−i4π(2+

√
6 l r)/3

〉
f2

×
∣∣∣α3e−i2

√
6π lr

〉
f3

; (18)
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� c2 =
√

2
/
4 �, c1 =

√
2lr

/
4, d (13) ª�

|φ〉f =
√

2
4

(1 + i)
∣∣∣α1e−i

√
2π lr/2

〉
f1

×
∣∣∣α2e−i

√
2π lr

〉
f2

∣∣∣α3e−i3
√

2π lr/2
〉

f3

−
√

2
4

(1 + i)
∣∣∣−α1e−i

√
2π lr/2

〉
f1

×
∣∣∣α2e−i

√
2π lr

〉
f2

∣∣∣−α3e−i3
√

2π lr/2
〉

f3

+
1
2

∣∣∣α1e−i
√

2π lr/2
〉

f1

×
∣∣∣−α2e−i

√
2π lr

〉
f2

∣∣∣α3e−i3
√

2π lr/2
〉

f3

+
1
2

∣∣∣−α1e−i
√

2π lr/2
〉

f1

×
∣∣∣−α2e−i

√
2π lr

〉
f2

×
∣∣∣−α3e−i3

√
2π lr/2

〉
f3

; (19)

� c2 =
√

6
/
4 �, c1 =

√
6lr

/
4, d (13) ª�

|φ〉f = −
√

2
4

(1 − i)
∣∣∣α1e−i

√
6π lr/2

〉
f1

×
∣∣∣α2e−i

√
6π lr

〉
f2

∣∣∣α3e−i3
√

6π lr/2
〉

f3

+
√

2
4

(1 − i)
∣∣∣−α1e−i

√
6π lr/2

〉
f1

×
∣∣∣α2e−i

√
6π lr

〉
f2

∣∣∣−α3e−i3
√

6π lr/2
〉

f3

+
1
2

∣∣∣α1e−i
√

6π lr/2
〉

f1

×
∣∣∣−α2e−i

√
6π lr

〉
f2

∣∣∣α3e−i3
√

6π lr/2
〉

f3

+
1
2

∣∣∣−α1e−i
√

6π lr/2
〉

f1

×
∣∣∣−α2e−i

√
6π lr

〉
f2

×
∣∣∣−α3e−i3

√
6π lr/2

〉
f3

; (20)

� c2 =
√

10
/
4 �, c1 =

√
10lr

/
4, d (13) ª�

|φ〉f = −
√

2
4

(1 + i)
∣∣∣α1e−i

√
10π lr/2

〉
f1

×
∣∣∣α2e−i

√
10π lr

〉
f2

∣∣∣α3e−i3
√

10π lr/2
〉

f3

+
√

2
4

(1 + i)
∣∣∣−α1e−i

√
10π lr/2

〉
f1

×
∣∣∣α2e−i

√
10π lr

〉
f2

∣∣∣−α3e−i3
√

10π lr/2
〉

f3

+
1
2

∣∣∣α1e−i
√

10π lr/2
〉

f1

×
∣∣∣−α2e−i

√
10π lr

〉
f2

∣∣∣α3e−i3
√

10π lr/2
〉

f3

+
1
2

∣∣∣−α1e−i
√

10π lr/2
〉

f1

×
∣∣∣−α2e−i

√
10π lr

〉
f2

×
∣∣∣−α3e−i3

√
10π lr/2

〉
f3

; (21)

� c2 =
√

14
/
4 �, c1 =

√
14lr

/
4, d (13) ª�

|φ〉f =
√

2
4

(1 − i)
∣∣∣α1e−i

√
14π lr/2

〉
f1

×
∣∣∣α2e−i

√
14π lr

〉
f2

∣∣∣α3e−i3
√

14π lr/2
〉

f3

−
√

2
4

(1 − i)
∣∣∣−α1e−i

√
14π lr/2

〉
f1

×
∣∣∣α2e−i

√
14π lr

〉
f2

∣∣∣−α3e−i3
√

14π lr/2
〉

f3

+
1
2

∣∣∣α1e−i
√

14π lr/2
〉

f1

×
∣∣∣−α2e−i

√
14π lr

〉
f2

∣∣∣α3e−i3
√

14π lr/2
〉

f3

+
1
2

∣∣∣−α1e−i
√

14π lr/2
〉

f1

×
∣∣∣−α2e−i

√
14π lr

〉
f2

×
∣∣∣−α3e−i3

√
14π lr/2

〉
f3

. (22)

(14)—(22) ª´Ê�ØÓ�n�Å��Z�, ù

�¥¹kØÓ�� Ïf, ù
� Ïf¿©�
N
|Ú�Ä>.��p�^Ú�pK�, ù
�
l¢�þ��¤õ�{, òk�~­��¢^¿
Â [11,12].

5 ( Ø

æ^þfnØ, �Ä
>.�Ä��n (�Ä
>.À�ªÇ� ωm �þf��f) �n�Ë�
|�¤�XÚ, �Ñ
XÚ��müz�Î9Ù
C�, ��
XÚ��¼ê��m�üz'X. (
JL², � 0 < t < 2π/ωm �, XÚ?uÅ��;
� t = 2π/ωm �, �Ä>.£�
Ð�, 
n�n
|?uÅ��Z�, ¿��±N�ØÓÅ��Z�
��). �Ñ
Ê�ØÓ�n�Å��Z�, ù

�¥¹kØÓ�� Ïf, ù
� Ïf¿©�N

|Ú�Ä>.��p�^Ú�pK�. ù
(J
´�~k¿Â�, ���Å��Z��¢���J
ø
­��nØ�â.

N¹ (14) ª�í�Úy²

� c2 =
1

2
�, c1 =

1

2
lr, d (13) ª� (14) ª
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|φ〉f = e−
1
2 (|α1|2+|α2|2+|α3|2)

∞∑
n=0

∞∑
k=0

∞∑
d=0

(
α1e

−iπ lr
)n (

α2e
−i2π lr

)k (
α3e

−i3π lr
)d

√
n!
√

k!
√

d!

×ei π
2 n2

ei2π nkei2π k2
ei3π(n+2k)d ei 9

2 π d2
|n〉f1

|k〉f2
|d〉f3

= e−
1
2 (|α1|2+|α2|2+|α3|2)

∞∑
n=0

∞∑
k=0

∞∑
d=0

(
α1e

−iπ lr
)n (

α2e
−i2π lr

)k (
α3e

−i3π lr
)d

√
n!
√

k!
√

d!

×ei π
2 n2

ei3πnd ei 9
2 π d2

|n〉f1
|k〉f2

|d〉f3
,

|φ〉f =
1 + i

2

∣∣∣α1e
−iπ lr

〉
f1

∣∣∣α2e
−i2π lr

〉
f2

∣∣∣α3e
−i3π lr

〉
f3

+
1 − i

2

∣∣∣−α1e
−iπ lr

〉
f1

∣∣∣α2e
−i2π lr

〉
f2

∣∣∣−α3e
−i3π lr

〉
f3

= e−
1
2 (|α1e−iπ l r|2+|α2e−i2π l r|2+|α3e−i3π l r|2)

∞∑
n=0

∞∑
k=0

∞∑
d=0

(
α1e

−iπ lr
)n (

α2e
−i2π lr

)k (
α3e

−i3π lr
)d

√
n!
√

k!
√

d!

×
[
1 + i

2
+

1 − i

2
(−1)n(−1)d

]
|n〉f1

|k〉f2
|d〉f3

= e−
1
2 (|α1|2+|α2|2+|α3|2)

∞∑
n=0

∞∑
k=0

∞∑
d=0

(
α1e

−iπ lr
)n (

α2e
−i2π lr

)k (
α3e

−i3π lr
)d

√
n!
√

k!
√

d!

×
[
1 + i

2
+

1 − i

2
(−1)n(−1)d

]
|n〉f1

|k〉f2
|d〉f3

.

P

A = e
i
π

2
n2

ei3πnd ei 9
2 π d2

= e
i
π

2
n2

eiπnd e
i
π

2
d2

= e
i
π

2
(n+d)2

= i(n+d)2 ,

B =
1 + i

2
+

1 − i

2
(−1)n(−1)d

=
1 + i

2
+

1 − i

2
(−1)n+d

|^êÆ8B{�y A = B.

- n + d = m, K

A = im
2
,

B =
1 + i

2
+

1 − i

2
(−1)m,

m = 0, 1, 2, · · ·

� m = 0 �, A = B.

b�� m = k � A = B, = ik
2

=
1 + i

2
+

1 − i

2
(−1)k,

� m = k + 1 �,

A = i(k+1)2 = ik
2
i2ki =

[
1 + i

2
+

1 − i

2
(−1)k

]
(−1)ki

=
i − 1

2
(−1)k +

i + 1

2

=
1 + i

2
+

1 − i

2
(−1)k+1 = B,

K A = B,

� (14) ª�(.

(15)—(22) ª�^�Ó��{í�Úy².
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Abstract

For a system composed of a three-mode cavity field interacting with a movable mirror, the time evolution operator of the system

and its transformation are given, and the time evolution of the system state is obtained by means of quantum theory. The result shows

that the state of the three-mode cavity field is in an entangled coherent state when the mirror returns to its original state, and the

preparations of different entangled coherent states can be controlled. Nine different three-mode entangled coherent states are given,

and the different phase factors of these states indicate the different reactions between the field and the movable mirror, which provides

an important theoretical basis for the experimental preparations of controllable entangled coherent states.
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